INTRODUCTION
Polyethylene (PE) has been widely used in the fields of wire and cable insulation because of its excellent electrical properties ( low dielectric loss and high electric strength). Recently, the development of 500 kV class PE cable is in progress and the improvement of insulating materials is required to endure under a higher electric stress. Chemical modification ( copolymerization, additives, etc. ) and physical modification ( morphology, crystallinity, etc. ) of PE have been tried to increase its electric strength [1, 2] . We found that electric strength of PE was improved by the copolymerization of monomers containing halogen atoms [3] .
In order to clarify the role of halogen comonomers, in this paper, we have investigated high field conduction and carrier traps in PE copolymerized with various halogen comonomers.
EXPERIMENTAL
Specimens used are 25 pm-thick films of low-density polyethylene (LOPE) and ethylene copolymers. Benzil methacrylate (BM), penta bromo phenyl methacrylate (PBPM), tri bromo phenyl methacrylate (TBPM) and tri fluoro methyl methacrylate (TFMM) were copolymerized with ethylene. They are called BM-PE, PBPM-PE, TBPM-PE and TFMM-PE, respectively.
Their properties are summarized in Table 1 .
Gold electrodes with diffused edges were evaporated on both sides of a specimen.
Impulse voltage with a rising rate of 2.8 GVls was used in the breakdown measurement.
High field conduction up to a breakdown was measured under the application of DC ramp voltage (30 Vis).
In both experiments, specimens were immersed in silicone oil or in liquid nitrogen.
The X-ray (* present address: Kyungnam University, Masan, Korea) induced TSC was measured as follows.
A specimen cooled to -180·C was irradiated with X-ray in order to fill traps with electrons ( holes).
After applying a bias field (90 kV/cm), c~rrent (TSC) was measured at a heating rate of 6°C/min. The TSC without a prior X-ray irradiation was also measured under the same condition. The difference between these two TSC spectra is due to thermal release of trapped carriers.
RESULTS AND DISCUSSION Figure 1 shows the dependence of (F ) on content of PBPM. The value Halogen comonomers such as PBPM and TFMM increases electric strength, while BM for bromo comonomers.
including no halogen atoms ) does not. This suggests that halogen atoms play an important role in improving electric strength of PE.
In order to obtain further information about the role of halogen atoms, we measured high field conduction and X-ray induced TSC in various ethylene copolymers. Figure 3 shows the J-F characteristics for LDPE and PBPM( l)-PE. The copolymerization of PBPM markedly suppresses high field conduction of PE although it slightly enhances low field conduction. Similar behaviors were observed for other comonomers with Br atoms as shown in Fig. 4 . Figure 5 shows the J-F characteristics for TFMM-PE. An appropriate amount (~1 wt%) of TFMM effectively suppresses high field conduction, but TFMM(15)-PE with a high amount (15 wt%) of TFMM shows nearly the same high field conduction as LDPE.
The increase in electric strength ( Figs. 1 and 2 ) and the suppression of high field Figure 6 shows the X-ray induced TSC for LOPE, PBPM( l)-PE and BM(5)-PE. A new large peak appears around -10°C for PBPM, but not for BM. The new large peak suggests the introduction of carrier traps by the copolymerization of PBPM [4, 5] .
Since PBPM contains electro-negative Br atoms, it is considered to act as electron trap in PE. The partial heating method [6] was applied to the TSC in PBPM( l)-PE in order to estimate the trap depth.
The resultant partial TSC curves are shown in Fig. 7 .
Since the low temperature tail of TSC is approximated by J = A exp ( -E /kT ) , the slope of the low temperature tail in Fig. 7 gives the trap depth of ~0.4 eV. Electro-negative F atoms are considered to act as electron traps.
But the new peak disappears in TFMM( 15)-PE with 15 wt% of TFMM.
Halogen comonomers, PBPM and TFMM effectively act as electron traps at their appropriate content (about 1 wt%).
This coresponds well to the increase in electric strength and the suppression of high field conduction.
From these results, we can explain the role of halogen comonomers in PE as follows.
Halogen comonomers act as electron traps in PE whose trap depth is about 0.4 eV.
These electron traps give rise to a new X-ray induced TSC peak around -10°C. They also suppress high field conduction.
Electron trapping and/or scattering prevent free electrons from being accelerated by field and increse electric strength of PE in the low temperature region, where the breakdown seems to be caused by electron avalanche [7] . It is not clear whether the breakdown mechanism of PE in the high temperature region is thermal or electronic [7] . In any case, the suppression of high field conduction increases thermal breakdown strength through the reduction of Joule heating and the suppression of electron acceleration increases electronic breakdown strength.
It should be noted that an appropriate amount (-1 wt%) of halogen comonomers effectively improve electric strength of PE.
Copolymerized halogen groups are preferentially located in the amorphous part of PE, but not in the crystalline part. A high amount ( ~10 wt%) of comonomers are expected to modify the molecular conformation of the amorphous part and also change its electrical properties.
These may be closely related to the behaviors in the high content region.
But, their details are not fully understood yet at this stage.
CONCLUSION
The introduction of halogen comonomers such as PBPM and TFMM increased electric strength of PE.
It also suppressed high field conduction of PE. The X-ray induced TSC revealed that halogen comonomers acted as carrier traps whose depth was ~0.4 eV. The increase in electric strength and the suppression of high field conduction were explained in terms of trapping and scattering free electrons by halogen comonomers.
